Past genotypic studies of Mycobacterium tuberculosis may have incorrectly estimated the importance of specific drug resistance mutations due to a number of sampling biases including an overrepresentation of multidrug-resistant (MDR) isolates. An accurate assessment of resistance mutations is crucial for understanding basic resistance mechanisms and designing genotypic drug resistance assays. We developed a rapid closed-tube PCR assay using fluorogenic reporter molecules called molecular beacons to detect reportedly common M. tuberculosis mutations associated with resistance to isoniazid and rifampin. The assay was used in a comparative genotypic investigation of two different study populations to determine whether these known mutations account for most cases of clinical drug resistance. We analyzed samples from a reference laboratory in Madrid, Spain, which receives an overrepresentation of MDR isolates similar to prior studies and from a community medical center in New York where almost all of the resistant isolates and an equal number of susceptible controls were available. The ability of the molecular beacon assay to predict resistance to isoniazid and rifampin was also assessed. The overall sensitivity and specificity of the assay for isoniazid resistance were 85 and 100%, respectively, and those for rifampin resistance were 98 and 100%, respectively. Rifampin resistance mutations were detected equally well in isolates from both study populations; however, isoniazid resistance mutations were detected in 94% of the isolates from Madrid but in only 76% of the isolates from New York (P ‫؍‬ 0.02). In New York, isoniazid resistance mutations were significantly more common in the MDR isolates (94%) than in single-drug-resistant isolates (44%; P < 0.001). No association between previously described mutations in the kasA gene and isoniazid resistance was found. The first mutations that cause isoniazid resistance may often occur in sequences that have not been commonly associated with isoniazid resistance, possibly in other as yet uncharacterized genes. The molecular beacon assay was simple, rapid, and highly sensitive for the detection of rifampin-resistant M. tuberculosis isolates and for the detection of isoniazid resistance in MDR isolates.
Past genotypic studies of Mycobacterium tuberculosis may have incorrectly estimated the importance of specific drug resistance mutations due to a number of sampling biases including an overrepresentation of multidrug-resistant (MDR) isolates. An accurate assessment of resistance mutations is crucial for understanding basic resistance mechanisms and designing genotypic drug resistance assays. We developed a rapid closed-tube PCR assay using fluorogenic reporter molecules called molecular beacons to detect reportedly common M. tuberculosis mutations associated with resistance to isoniazid and rifampin. The assay was used in a comparative genotypic investigation of two different study populations to determine whether these known mutations account for most cases of clinical drug resistance. We analyzed samples from a reference laboratory in Madrid, Spain, which receives an overrepresentation of MDR isolates similar to prior studies and from a community medical center in New York where almost all of the resistant isolates and an equal number of susceptible controls were available. The ability of the molecular beacon assay to predict resistance to isoniazid and rifampin was also assessed. The overall sensitivity and specificity of the assay for isoniazid resistance were 85 and 100%, respectively, and those for rifampin resistance were 98 and 100%, respectively. Rifampin resistance mutations were detected equally well in isolates from both study populations; however, isoniazid resistance mutations were detected in 94% of the isolates from Madrid but in only 76% of the isolates from New York (P ‫؍‬ 0.02). In New York, isoniazid resistance mutations were significantly more common in the MDR isolates (94%) than in single-drug-resistant isolates (44%; P < 0.001). No association between previously described mutations in the kasA gene and isoniazid resistance was found. The first mutations that cause isoniazid resistance may often occur in sequences that have not been commonly associated with isoniazid resistance, possibly in other as yet uncharacterized genes. The molecular beacon assay was simple, rapid, and highly sensitive for the detection of rifampin-resistant M. tuberculosis isolates and for the detection of isoniazid resistance in MDR isolates.
The increasing prevalence of tuberculosis in many areas of the world, coupled with a rise in drug-resistant and multidrugresistant (MDR) Mycobacterium tuberculosis strains, presents a major threat to global health (21) . Nucleic acid amplificationbased genotypic assays are potentially the most rapid and sensitive methods for the detection of drug resistance and are theoretically able to provide a same-day diagnosis from clinical samples. The utility of these assays is dependent on their ability to detect all common drug resistance mutations. The mutations that predominate in M. tuberculosis during in vitro selection of antibiotic-resistant strains may differ substantially from those that develop in human populations (18, 24) . For this reason, it is essential to perform genotypic investigations with representative samples of clinical isolates. Previous studies have suggested that the DNA sequence of M. tuberculosis is extraordinarily well conserved and that mutations in the M. tuberculosis genome are almost always associated with drug resistance (18, 26) . Between 12 and 75% of isoniazid-resistant strains have been found to contain mutations either in codon 315 of the katG gene or the inhA ribosomal binding site (8, 14, 15, 18, 19, 24, 28) , and an additional 13 to 18% have contained mutations in the ahpC-oxyR intergenic region (11, 25, 28, 31) , often in conjunction with katG mutations outside of codon 315 (25) . Recently, 17% of resistant strains and 8.5% of resistant strains without other mutations have been reported to contain mutations in the kasA gene (16) . Mutations in an 81-bp "core region" of the rpoB gene have been found in approximately 95% of all rifampin-resistant strains (10, 27) . By contrast, drugsensitive M. tuberculosis isolates have had almost uniformly wild-type DNA sequences in these regions.
Many of the prior genotypic drug resistance studies may have incorrectly estimated the relevance of specific mutations in clinical M. tuberculosis isolates due to biases introduced by their sampling methods. Most of these investigations included a disproportionate number of MDR strains (14, 15, 18, 28) , collected nonrepresentative samples from around the world without uniform sampling strategies (11, 17, 18, 24, 25) , or sequenced only a small fraction of the total resistant strains (8, 14) . Most of the investigations also failed to include adequate numbers of susceptible control isolates. In order to perform large genetic studies, we developed a simple, rapid, and robust method for analyzing DNA sequences of moderate length using a new class of probes called molecular beacons (22, 29) . Molecular beacons are ideally suited for genotypic assays, because they are able to detect amplicons as they are synthesized during real-time PCR and are able to discriminate between DNA sequences that differ from one another by as little as a single nucleotide substitution (22, 30) . Amplicon detection is carried out in sealed reaction tubes, which simplifies analysis and eliminates an important source of assay contamination. Here, we designed a molecular beacon assay to compare the distribution of isoniazid and rifampin resistance mutations in two different study populations. Samples were obtained from a reference laboratory with a high incidence of multidrug resistance, similar to that in many prior studies, and from case and control subjects sampled for culture at a medical center where almost all of the resistant isolates from a community were available. This investigation enabled us to compare the distribution of specific resistance mutations in these two types of populations and to determine whether these mutations account for most cases of clinical drug resistance. The utility of the molecular beacon assay for the rapid detection of isoniazid-and rifampin-resistant M. tuberculosis was also assessed.
MATERIALS AND METHODS
Study setting, patients, and isolates. One hundred forty-nine lysates of primary cultures of M. tuberculosis from unique patients from Madrid, Spain, and New York City were tested for drug resistance by the molecular beacon assay ( Table 1 ). The Madrid isolates were from 56 of 68 (82.4%) consecutive patient samples from the Instituto Carlos III; 51 of the isolates were resistant to at least isoniazid and/or rifampin. This institute serves as a reference laboratory for Madrid and other Spanish medical centers and receives samples of predominantly drug-resistant M. tuberculosis isolates. The New York isolates consisted of isolates from 46 of the 53 (87%) consecutive patients from December 1989 through November 1997 with isoniazid-and/or rifampin-resistant M. tuberculosis infections treated at Montefiore Medical Center. An additional 47 fully susceptible control isolates from unique patients matched by year to resistant isolates from Montefiore Medical Center were also included in the study. Montefiore Medical Center is the largest provider of primary care to the 1.2 million residents of New York City's Bronx community. Except for a higher percentage of Hispanic patients, the demographic and clinical characteristics of patients with tuberculosis treated at Montefiore Medical Center are similar to those of all patients with tuberculosis in New York (1) . Over the study period, the incidence of isoniazid resistance at Montefiore was 9.6%, and that of multidrug resistance was 8.1%. Twelve lysates from Madrid contained insufficient material to be included in the study, and seven cultures with drug-resistant isolates from New York could not be located. DNA fingerprints for 141 of the 149 lysates (94.6%) either were available from previous studies (1, 28) or were obtained during the current investigation.
Sample preparation, susceptibility testing, and DNA fingerprinting. M. tuberculosis lysates were prepared by transferring colonies from a Lowenstein-Jensen slant into a 2-ml screw-cap tube containing 1 ml of H 2 O and boiling for 20 min. PCR assays were performed with 5 l of each lysate. Conventional antibiotic susceptibility testing was performed at the respective institutions where the isolates were first detected by using the Centers for Disease Control and Prevention version of the proportion method (12) . Resistance was defined as greater than 1% growth in the presence of 0.2 g of isoniazid per ml, 2 g of rifampin per ml, 5 g of ethambutol per ml, or 2 g of streptomycin per ml. From 1993 to 1997, the New York isolates were initially screened for drug resistance by the BACTEC method (7) . By this method, drug resistance was defined as greater than 1% growth in the presence of 0.1 g of isoniazid per ml, 2 g of rifampin per ml, 2.5 g of ethambutol per ml, or 2 g of streptomycin per ml. Isolates found to be resistant by the BACTEC method were retested by the proportion method before being reported as resistant. Multidrug resistance was defined as resistance to at least two of the following drugs: isoniazid, rifampin, ethambutol, or streptomycin. Susceptibility to ethambutol was not known for the Madrid isolates. Both the Madrid and New York isolates were also analyzed by DNA fingerprinting as described previously (1, 28) , and the Madrid isolates had previously been characterized by single-strand conformational polymorphism PCR (28) . Mutant kasA amplicons were constructed by standard PCR-based sitedirected mutagenesis (9) . Specific mutations were confirmed by automated DNA sequencing. Molecular beacon assays. Molecular beacons were synthesized from modified oligonucleotides. The quencher 4-(4Ј-dimethylaminophenylazo)benzoic acid (DABCYL; Molecular Probes, Eugene, Oreg.) was covalently linked to one arm, and either fluorescein, tetramethylrhodamine, or tetrachlorofluorescein (Molecular Probes) was linked to the other arm. The synthesis is described in a detailed protocol available on the Internet (http://www.molecular-beacons.org).
The sequences of the molecular beacons that were specific for M. tuberculosis sequences associated with isoniazid resistance were as follows (underlining identifies the arm sequences): katG, fluorescein-5Ј-CCGAGGCACCAGCGGCATC GACCTCGG-3Ј-DABCYL; inhA, fluorescein-5Ј-CGAGGCCGACAACCTAT CGTCTCCCTCG-3Ј-DABCYL; ahpC1, fluorescein-5Ј-CGCTCGGGCAAAG GTGATATATCACGAGCG-3Ј-DABCYL; ahpC2, fluorescein-5Ј-CGATCGC GACATTCCATCGTGCCCGATCG-3Ј-DABCYL. The sequences of the molecular beacons that were used to investigate the association of mutations in kasA and isoniazid resistance were as follows: kasA66, tetrachlorofluorescein-5Ј-CCAGCCTCAAGGATCCGGTCGCTGG-3Ј-DABCYL; kasA269, tetrachlorofluorescein-5Ј-CCAGCTGCCGGTATCACCTCGCTGG-3Ј-DABCYL; kasA312, fluorescein-5Ј-CCAGGCAACGCGCACGGCACCCTGG-3Ј-DABCYL; kasA413, tetrachlorofluorescein-5Ј-CCAGGGCTTGCCTTCGGGCGTTACTC CCTGG-3Ј-DABCYL. The sequences of the molecular beacons specific for the M. tuberculosis rpoB core region and the 16S rRNA gene were described previously (22) .
The sequences of the PCR primers for the synthesis of the katG amplicon were 5Ј-CGTCGGCGGTCACACTTTCGGTAAGA-3Ј and 5Ј-TTGTCCCATTTCG TCGGGGTGTTCGT-3Ј; for the inhA amplicon they were 5Ј-GTGGACATAC CGATTTCG-3Ј and 5Ј-CTCCGGTAACCAGGAGTGAACGGG-3Ј; for the ahpC-oxyR amplicon they were 5Ј-AGCAGTGGCATGACTCTC-3Ј and 5Ј-CG GCCGGCTAGCACCTCT-3Ј; for the kasA66 amplicon they were 5Ј-TCGCCG GACATCGAGAGCA-3Ј and 5Ј-GGGGCCGCCCGCATTCATCA-3Ј; for the kasA269 amplicon they were 5Ј-ATCGCGGCGTTCTCCATGA-3Ј and 5Ј-CG CGGGCGCCACCATAT-3Ј; for the kasA312 amplicon they were 5Ј-CGGTAT CACCTCGGACGCCTTTCA-3Ј and 5Ј-ATCGAGTGGCCCAGCGCAGACT TC-3Ј; and for the kasA413 amplicon they were 5Ј-CATCCGCGTCGCCGGT TGTGAT-3Ј and 5Ј-CCCGCGATGTCGTGCTTCAGTA-3Ј. The sequences of the primers for the rpoB core region and 16S rRNA gene amplicons were described previously (22) .
Assays were performed in sealed wells in a 96-position microtiter plate (Perkin-Elmer, Foster City, Calif.). Aliquots of clinical M. tuberculosis culture lysates were placed into nine wells, each containing PCR reagents, one of the nine fluorescein-labeled katG, ahpC, inhA, or rpoB molecular beacons, and the appropriate PCR primers. Each well also contained a tetramethylrhodamine-labeled molecular beacon specific for the 16S rRNA gene amplicon and the appropriate 16S primers. Except as described below, the PCR conditions were identical for all reactions and have been described previously (22) . Amplifications were performed in an Applied Biosystems 7700 Prism spectrofluorometric thermal cycler (Perkin-Elmer). By labeling the molecular beacons with different fluorophores, it was possible to distinguish the individual emission spectra of the fluorescein and tetramethylrhodamine molecular beacons in the same reaction well. These fluorescent signals were measured independently during the 60-s annealing step of every PCR cycle and were plotted automatically for each sample. The molecular beacons were designed to hybridize only to targets that did not contain mutations associated with antibiotic resistance. With drug-susceptible M. tuberculosis, the molecular beacons were expected to hybridize to their targets in all nine wells and to fluoresce with increasing intensity as the amplicons were synthesized during the course of the PCR. Drug resistance was indicated by the absence of a characteristic increasing fluorescent signal during PCR amplification in a well in which the 16S rRNA control molecular beacon present in the same well fluoresced normally. The assays with the kasA molecular beacons were performed in a similar manner except that annealing temperatures were 63°C for kasA66 and kasA312 and 51°C for kasA269 and kasA413.
Normalized fluorescence intensities. The ability of the assay to detect mutations in target amplicons without real-time measurements was also investigated. The fluorescence intensity resulting from each molecular beacon after 40 amplification cycles was normalized (F norm1 ) so that F norm1 ϭ (F Ϫ F min )/(F max Ϫ F min ), where F max and F min were the maximum and minimum fluorescence intensities of each molecular beacon, respectively, compared to those for the positive and negative controls. To account for initial differences in template concentration, all F norm1 values for a given isolate were normalized a second time (F norm2 ) to reflect their value relative to the largest F norm1 value for each isolate (F norm1(max) ), so that F norm2 ϭ F norm1 /F norm1(max) . All assays were performed and interpreted by investigators who were blinded to the antibiotic susceptibility profiles of each M. tuberculosis isolate.
Statistical methods. Sensitivity and specificity were calculated for the molecular beacon assay by using conventional susceptibility testing as a "gold standard." Exact 95% confidence intervals for proportions were obtained by using STATA, version 5.0. Two-tailed tests were used, except when sensitivity or specificity was 1.00, in which case a one-tailed test with 97.5% confidence was performed. For comparisons of the proportion of mutations between the Madrid and New York isolates, P values were calculated by the Fisher exact test.
RESULTS
Mutations associated with isoniazid resistance are located on several widely separated regions of the M. tuberculosis genome. To test for isoniazid resistance, four molecular beacons were designed to hybridize to three different target amplicons (Fig. 1, top) . One molecular beacon was complementary to codons 313 to 318 of the katG gene, one molecular beacon was complementary to the inhA ribosomal binding site, and two molecular beacons were complementary to two sequences that together spanned a selected area of the ahpC-oxyR intergenic region. In contrast to isoniazid, almost all mutations associated with resistance to rifampin occur in an 81-nucleotide "core" region of the M. tuberculosis rpoB gene. To test for rifampin resistance, five molecular beacons were used to hybridize to a single rpoB amplicon such that their probe sequences spanned the entire core region, with overlapping sequences of one to three nucleotides (Fig. 1, bottom) . Real-time fluorescence analysis of molecular beacon hybridization during PCR amplification was carried out for all lysates. An isolate was determined to be drug resistant if one of the nine sample wells lacked a characteristic increasing fluorescent signal and the 16S rRNA control molecular beacon present in the same well fluoresced normally.
The overall sensitivity of the molecular beacon assay for the detection of isoniazid resistance was 85%, and the overall sensitivity of the molecular beacon assay for the detection of rifampin resistance was 98%. The specificity of the assay was 100% for both antibiotics (Table 1) . These findings agreed with those of previous genetic investigations. However, when the results for isoniazid resistance were stratified on the basis of sample population, there was a marked heterogeneity in the assay's ability to detect isoniazid resistance. Mutations associated with isoniazid resistance were detected in 94% of the isolates from Madrid, but these mutations were detected in only 76% of the isolates from New York (P ϭ 0.02). Stratification on the basis of drug resistance pattern revealed that this disparity was not due to differences among the MDR isolates. Isoniazid resistance mutations were detected in 94% of the MDR isolates from Madrid and 96% of the MDR isolates from New York (P ϭ 1.0). A difference was noted among isolates that were resistant only to isoniazid (single-drug-resistant isolates). Isoniazid resistance mutations were detected in 5 of 6 (83%) of the single-drug-resistant isolates from Madrid but were detected in only 8 of 18 (44%) of the single-drugresistant isolates from New York (P ϭ 0.17). Analysis restricted to New York isolates revealed that detectable isoniazid resistance mutations were significantly more common in the MDR isolates (94%) than in the single-drug-resistant isolates (44%) (P Ͻ 0.001). These findings were not a consequence of a limited number of strains that contained unusual mutations. DNA fingerprinting studies determined that the isoniazid-resistant isolates comprised at least 53 different strains, including at least 9 different strains that were resistant only to isoniazid and that had no identifiable mutations.
Isolates varied by population as to the number and type of mutations that were present ( Table 2 ). The Madrid isolates were more likely to contain inhA mutations (P Ͻ 0.001) or multiple mutations (P ϭ 0.094) and were less likely to contain katG mutations (P Ͻ 0.012). Overall, the MDR isolates were more likely than the single-drug-resistant isolates to contain VOL. 44, 2000 GENOTYPIC ANALYSIS OF M. TUBERCULOSISmultiple mutations associated with isoniazid resistance (20 versus 4%; P ϭ 0.104). Multiple mutations were defined as mutations detected in at least two of the three katG, inhA, and ahpC-oxyR amplicons or single mutations detected in the ahpC-oxyR region (which do not in themselves confer isoniazid resistance) that are associated with additional mutations in katG outside of codon 315 (25) .
In order to investigate whether mutations in the kasA gene account for additional resistance to isoniazid, we constructed molecular beacons to rapidly screen all of the Madrid and New York M. tuberculosis isolates for the presence of mutations in kasA codons 66, 269, 312, and 413, previously reported to be associated with isoniazid resistance (16) . No mutations were found in codon 66, 312, or 413. Ten isolates were found to FIG. 1. Localization of molecular beacons within their target genes. The accession number of each sequence in the GenBank database is as follows: katG, accession no. Z97193; inhA, accession no. Z79701; oxyR-ahpC, accession no. Z81451; rpoB, accession no. Z95972. Underlines identify the molecular beacon target sequences.
contain the G269S mutation; however, five of these isolates were fully isoniazid susceptible, suggesting that this mutation is not responsible for isoniazid resistance. The five susceptible isolates with G269S mutations originated in New York and comprised four different strains, as defined by DNA fingerprinting. Two of the susceptible kasA strains with the G269S mutation were available for repeat susceptibility testing. Both strains were susceptible to Յ0.1 g of isoniazid per ml.
The molecular beacon assay identified mutations in kasA codon 269 and all katG, inhA, ahpC-oxyR, and rpoB target sequences. The assay was also able to distinguish between wild-type and mutant kasA codon 66, 312, and 413 sequences when they were tested in control reactions (Fig. 2) . These results indicate that all of the molecular beacons were able to detect the appropriate mutations. DNA sequencing of a subset of the isolates that were identified as resistant by the molecular beacon assay confirmed the presence of the expected mutations and deletions. DNA sequencing of the complete katG gene, inhA operon, and ahpC-oxyR genes of two of the isoniazid-resistant isolates from Madrid that were misidentified as isoniazid susceptible by the molecular beacon assay failed to reveal any mutations in these genes. The sequences of the five susceptible kasA G269S mutants were also confirmed by automated DNA sequence analysis. The single rifampin-resistant isolate that was misidentified as rifampin susceptible originated from an isolate known to consist of a mixture of drugresistant and drug-susceptible organisms on culture.
We investigated the ability of the results of the molecular beacon assay to be interpreted without real-time analysis. The fluorescence of each molecular beacon at the end of the PCR was measured, and normalized fluorescence intensity values were plotted for each M. tuberculosis isolate (Fig. 3) . The results show that normalized fluorescence intensity was bimodal, with the majority of values either above 60% or less than 20%. When plotted in this manner, all of the isolates that had been determined to be resistant on the basis of real-time fluorescent measurements had at least one molecular beacon that fluoresced below 38% of the normalized maximum.
DISCUSSION
Understanding the genetic events that lead to drug resistance in clinical M. tuberculosis isolates is important for the development of genetic assays, elucidation of the mechanisms of action of antimicrobial agents, and the design of novel antibiotics that are active against drug-resistant strains. The results of this investigation suggest that the frequency of mutations responsible for many cases of isoniazid-resistant tuberculosis may have been incorrectly estimated by prior studies. It suggests that the overall drug resistance profile and, therefore, are plotted for molecular beacons complementary to different target sequences within the core region of the rpoB gene (blue, green, black, red, and pink). The colors used to identify the results obtained with each molecular beacon are the same as those used to identify the molecular beacons in Fig. 1 . An asterisk identifies the sole rifampin-resistant isolate identified as sensitive by the molecular beacon assay.
the clinical history of an M. tuberculosis isolate are important factors in determining which isoniazid resistance mutations are present. The differences that were observed between isolates from a reference laboratory and those from a community medical center emphasize the importance of appropriate sample selection for future genetic studies. Although 95.7% of the total MDR M. tuberculosis isolates tested were associated with the specific katG, inhA, and ahpC mutations targeted in the current assay, only 44% of the New York strains that were resistant only to isoniazid had identifiable mutations. Molecular beacon analysis for the kasA mutations that were thought to be associated with isoniazid resistance (16) did not improve the sensitivity of the assay. The kasA codon 269 mutations were equally present in isoniazid-susceptible and isoniazid-resistant isolates, and no other kasA mutations were present in any of the isolates tested. We observed that M. tuberculosis isolates resistant only to isoniazid were less likely than MDR isolates to contain mutations in the gene targets investigated. This finding suggests that many clinical isolates develop isoniazid resistance by a stepwise accumulation of mutations, with the first mutation occurring in sequences or genes that have not been commonly associated with resistance. Multidrug resistance is strongly associated with patients who have had prior treatment for tuberculosis and thereby repeated exposure to isoniazid (5) . We suggest that prolonged treatment with isoniazid under circumstances that permit resistance to develop results in a progressive accumulation of mutations, ultimately leading to katG and/or inhA mutations in virtually all MDR strains. The accumulated mutations may be important for achieving higher levels of isoniazid resistance or for maintaining full virulence in the human host. This hypothesis does not exclude the possibility that full resistance can also develop in a single step, as is observed in laboratory mutants. An association between high-level isoniazid resistance (MIC, Ͼ1.0 g/ml) and mutations in the gene targets investigated would have supported the hypothesis that mutations accumulate over time. However, information on high-level resistance was not available for many of the isolates. This association will be explored in future studies.
This study demonstrates that the use of molecular beacons provides a simple and rapid method for the identification of rifampin-resistant M. tuberculosis isolates and for the identification of isoniazid resistance in the setting of multidrug resistance. Given the increasing worldwide incidence of drug-resistant tuberculosis, the search for assays for the rapid detection of drug resistance has taken on a new sense of urgency. Unacceptable delays in the diagnosis of drug-resistant tuberculosis can occur when conventional culture-based susceptibility tests are used because of the slow growth of the M. tuberculosis bacillus. More rapid approaches that use genetic analysis for the detection of mutations associated with drug resistance have been proposed (3, 4, 6, 20, 23, 28) . However, these methods have restricted applicability to clinical laboratories and are limited principally to the detection of rifampin resistance. Molecular beacon assays have significant advantages over other techniques. Amplification, molecular beacon hybridization, and analysis are all performed simultaneously in sealed wells. The entire assay, including analysis, can be completed in under 3 h. Unlike many other nucleic amplification tests, the molecular beacon assay was 100% specific. This was likely due to the closed-well protocol, which eliminates amplicon carryover. With the identification of additional targets for isoniazid resistance, the assay should perform well for the detection of isoniazid resistance in single-drug-resistant isolates.
The molecular beacon assay requires expensive equipment that is not yet widely available. However, it is likely that this type of equipment will become more commonplace in diagnostic laboratories as the broad applicability of closed-tube PCR assays is demonstrated (2, 13) . In this study, drug resistance was predicted equally well by measuring the normalized fluorescence intensities of completed PCRs and by real-time PCR analysis. These findings suggest that less complex fluorescence viewers that will be able to analyze molecular beacon assays after PCR is completed can be developed. In summary, the molecular mechanisms of isoniazid resistance require further study with representative populations. With the identification of the full complement of resistance mutations, molecular beacon assays will be able to rapidly and simply identify resistance to isoniazid and rifampin, the two principal antituberculosis drugs.
